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species	 richness,	 and	 among‐ecosystems	 variation	 (UNEP,	 1992).	
The	value	of	biodiversity	 can	be	 considered	both	economically,	 in	
terms	of	 the	monetary	 value	of	 the	 services	 that	 the	biotic	world	
provides	 to	 us	 “for	 free”	 (Constanza	 et	 al.,	 1997),	 and	 philosophi-























of	 evolution,	 enabling	 populations	 of	 species	 to	 adapt	 to	 change	




Genetic	 diversity	 has	 also	 been	 shown	 to	 contribute	 substantially	
to	 community	 resilience	 postperturbation	 (Hughes	 &	 Stachowicz,	
2010;	Reusch,	Ehlers,	Hammerli,	&	Worm,	2005)	and	it	has	become	
increasingly	clear	that	genetic	diversity,	particularly	in	foundation	or	
keystone	species,	can	play	an	 important	 role	 in	structuring	ecolog-
ical	 communities	 (Bangert	 et	 al.,	 2008;	 Johnson	&	Agrawal,	 2005;	
Rowntree,	 Zytynska,	 et	 al.,	 2014).	 The	 relative	 strength	 of	 species	
level	and	genetic	level	effects	on	ecological	communities	is	still	under	
debate	 and	depends	on	 the	 scale	 at	which	 it	 is	 determined	 (Bailey	
et	al.,	2009),	as	well	as	 the	particular	environmental	and	ecological	
conditions	 experienced	 (Zytynska,	 Fleming,	 Tétard‐Jones,	 Kertesz,	




The	generalist	hemiparasitic	plant	Rhinanthus minor	 L.	 is	 a	nat-
ural	 component	 of	 European	 grasslands	 (Westbury,	 2004),	 with	























Here,	we	 sought	 to	 address	 these	 knowledge	 gaps	 and	 deter-
mine	 the	 relative	 impact	 of	 host	 community	 species	 diversity	 as	
well	 as	 parasite	population	 genetic	 diversity	 on	 the	 establishment	
and	impact	of	R. minor	 in	a	grassland	community.	For	this	we	used	







multiple	 sources)	 would	 enable	 it	 to	 establish	 more	 successfully.	
Based	on	previous	studies,	we	expected	the	parasite	to	have	a	neg-




2  | MATERIAL S AND METHODS




The	 plant	 species	 used	 (listed	 in	 Table	 1)	 are	 typical	 of	 British	
mesotrophic	 MG5	 Cynosurus cristatus–Centaurea nigra	 grasslands	





allocated	 to	 low	 and	 high	 species	 diversity	 treatments	 (75	 pots	
per	treatment).	A	layer	of	grit	(approximately	5	cm)	was	placed	in	
the	bottom	of	each	pot	and	these	were	then	filled	with	a	mixture	
of	 John	 Innes	No	1	compost	and	horticultural	 sand	 (mix	 ratio	of	
33	L	compost	 to	25	kg	sand;	Keith	Singleton,	UK).	The	sand	and	




in	 a	 glasshouse	 under	 natural	 daylight	 and	 then	 transplanted	 into	
the	experimental	pots	 in	early	July	2012	at	 the	2–4	 leaf	stage.	All	





three	 species	of	 legume	 (a	 total	 of	19	 species).	Due	 to	 availability	













TA B L E  1  Species	names	and	functional	groups	of	the	plants	used	in	the	experiment	and	the	number	of	pots	each	occurred	in	according	
to	treatment.	“L”	indicates	low‐diversity	treatments	and	“H”	indicates	high‐diversity	treatments.	Species	treatments	are	listed	before	
Rhinanthus minor	treatments.	“N”	indicates	the	pots	where	R. minor	was	not	planted.	Numbers	in	parentheses	are	the	occurrences	in	pots	
where R. minor successfully	established	in	year	1	of	the	experiment
Functional group Species
Occurrence in pots 
Host species diversity—R. minor genetic diversity
L–N L–L L–H H–N H–L H–H
Grass Agrostis capillaris 7 6	(5) 10	(8) 25 25	(5) 24	(10)
Grass Anthoxanthum 
odoratum
2 4	(3) 3	(0) 10 10	(1) 16	(8)
Grass Alopecurus pratensis 6 6	(3) 7	(7) 25 24	(5) 25	(11)
Grass Cynosurus cristatus 7 7	(5) 5	(3) 25 25	(5) 23	(9)
Grass Dactylis glomeratab 4 10	(7) 7	(4) 22 22	(5) 21	(9)
Grass Festuca rubra agg. 5 8	(6) 5	(5) 24 24	(5) 23	(11)
Grass Holcus lanatusb 7 3	(2) 8	(4) 22 23	(5) 23	(10)
Grass Lolium perenne 8 3	(2) 1	(1) 23 22	(4) 22	(10)
Grass Poa trivialisb 4 3	(3) 4	(4) 24 25	(5) 23	(10)
Legume Trifolium repensb 11 7	(0) 7(0) 25 25	(5) 25	(11)
Legume Lathyrus pratensis 9 7	(7) 9	(9) 25 25	(5) 25	(11)
Legume Lotus corniculatus 5 11	(11) 9	(9) 25 25	(5) 25	(11)
Forb Achillea millefolium 6 2	(0) 9	(8) 17 20	(3) 21	(9)
Forb Cerastium fontanuma 0 0	(0) 0	(0) 19 13	(3) 14	(6)
Forb Centaurea nigra agg.a 0 0	(0) 0	(0) 15 14	(1) 10	(4)
Forb Hypochaeris radicata 8 11	(9) 6	(3) 17 20	(5) 21	(9)
Forb Leontodon hispidusa 0 0	(0) 0	(0) 18 20	(4) 22	(10)
Forb Leucanthemum vulgare 7 5	(5) 6	(3) 21 21	(4) 19	(8)
Forb Plantago lanceolata 7 12	(9) 10	(8) 20 21	(5) 25	(11)
Forb Prunella vulgarisa 0 0	(0) 0	(0) 17 10	(3) 9	(5)
Forb Rumex acetosa 10 10	(7) 9	(7) 23 23	(4) 21	(10)
Forb Ranunculus repens 2 1	(0) 0	(0) 15 17	(5) 21	(8)
Forb Taraxacum officinale 10 9	(6) 10	(7) 18 21	(3) 17	(8)
aSpecies	not	included	in	the	low‐diversity	treatment.bGrown	from	amenity	seed	varieties.
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Host	 seeds	 were	 sourced	 from	 commercial	 seed	 suppliers	
(Emorsgate	Seeds,	Kings	Lynn,	UK;	B&T	World	Seeds,	Aigues‐Vives,	








35.7°C.	 Once	 outside,	 the	 pots	 mainly	 received	 water	 from	 rain-
fall,	although	they	were	occasionally	supplemented	with	tap	water	
during	dry	periods,	in	which	case	all	pots	were	watered.	Pots	were	










July	 2011	 from	 10	 field	 sites	 across	 England	 but	 failed	 to	 estab-
lish	 in	 any	 of	 the	 pots.	 Therefore,	 additional	 R. minor seeds	 from	
five	distinct	 populations	were	 sourced	 from	 four	 commercial	 sup-
pliers	 (Emorsgate	Seeds,	Kings	Lynn,	UK;	Herbiseed,	Twyford,	UK;	
Naturescape,	 Langar,	 UK;	 Goren	 Farm,	 Stockland,	 UK)	 and	 sown	
alongside	 self‐collected	 seeds	 from	 two	 additional	 populations	 di-
rectly	into	the	pots	in	December	2012	(see	Table	2	for	seed	origin	
details).	Seeds	were	sown	at	a	total	density	of	11.4	g	per	pot	(where	





















pot	 was	 then	 sorted	 by	 hand	 into	 functional	 groups	 (grasses,	 leg-
umes,	forbs)	and	placed	inside	labelled	paper	bags.	Rhinanthus minor 
biomass	was	 collected	 in	 separate	 bags.	 The	 biomass	was	 dried	 in	
ovens	at	80°C	for	at	least	48	hr	and	weighed.	At	the	same	time,	the	
number	of	 flowering	R. minor	 stems	and	 seedpods	harvested	were	












Seed supplier Seed origin (County)
Occurrence in pots 
Host species diversity—R. minor genetic 
diversity
L–L H–L L–H H–H
Emorsgate Somerset 10	(8) 11	(3) 23	(17) 24	(10)
Naturescape Nottinghamshire 9	(5) 8	(2) 24	(17) 23	(10)
Goren	farm Devon 2	(1) 2	(0) 5	(3) 5	(2)
Herbiseed Hampshire	(Sparsholt) 2	(2) 2	(0) 5	(5) 5	(1)
Herbiseed Dorset	(Ferndown) 2	(1) 2	(0) 6	(3) 6	(2)
Field	collected Gwynedd 0 0 6	(5) 6	(2)
Field	collected Somerset	(Skylark	
meadow)
0 0 6	(4) 6	(6)
TA B L E  2  Seed	suppliers,	origin,	and	














(Mudrák	 et	 al.,	 2014).	 Successful	 establishment	was	 taken	 to	 be	
any	pot	 in	which	the	parasite	had	been	observed	throughout	the	
growing	 season	 or	 harvested.	 There	were	 no	 pots	with	R. minor 
that	 had	 not	 been	 planted	 with	 seeds.	 Pairwise	 Spearman	 Rank	
correlations	 were	 performed	 on	 the	 R. minor biomass,	 seedpod,	
and	stem	data.	The	number	of	fruiting	stems	(i.e.,	R. minor	density)	
harvested	per	pot	were	analysed	using	a	linear	model	where	spe-
cies	 diversity,	R. minor diversity	 and	 an	 interaction	 between	 the	
two	were	 included	 as	 factors.	 Stem	data	were	 transformed	with	
the	appropriate	power	value	following	a	Box–Cox	procedure.	This	
model	provided	the	best	fit	to	the	databased	on	AIC	values	com-
pared	 to	 a	 linear	model	 on	 untransformed	 data	 or	 a	 generalized	
linear	model	with	a	Poisson	distribution.
In	 2014	 (year	 2),	 only	 those	 pots	 where	 R. minor	 had	 origi-
nally	been	planted	and	where	R. minor had been observed in 2013 
(N	=	52)	were	assessed.	For	these,	survival	 into	a	second	year	was	
analysed	using	a	generalized	linear	model	with	a	binary	distribution	





























were	 included.	 For	 the	 control	 treatments,	 only	 pots	 where	 R. 
minor	was	not	planted	and	had	not	occurred	in	2013	or	2014	were	
included.	As	only	 two	pots	 in	 the	high	species	diversity	contained	
R. minor,	analyses	were	conducted	on	the	remaining	low	species	di-












for	 the	 number	 of	 species	 remaining.	 These	 were	 analysed	 using	
linear	models	where	species	diversity	treatment	was	 included	as	a	
factor	and	the	number	of	years	R. minor	 infection	had	occurred	 in	
each	pot	included	as	a	covariate.
Analyses	 were	 undertaken	 using	 the	 “lme4”	 package	 (Bates,	
Maechler,	 Bolker,	 &	Walker,	 2015),	 the	 “psych”	 package	 (Revelle,	
2018)	and	base	functions	in	r	(R	Core	Team,	2015).	Box–Cox	trans-









tive	effect	of	the	2012	host	biomass	(χ21,95	=	31.14,	p = 2.40 × 10
−08)	
with	 greater	 establishment	 in	 the	 pots	 with	 lower	 host	 biomass.	
There	was	also	a	significant	effect	of	species	diversity	(χ21,95	=	6.98,	























ment	 (9	 from	 the	 high‐population	 genetic	 diversity	 treatment	 and	
12	from	the	low‐population	genetic	diversity	treatment).	There	was	
a	 significant	 effect	 of	 species	diversity	 on	R. minor	 survival	 into	 a	
further	 year	 (χ21,47	=	12.36,	 p = 4.39 × 10
−04),	 but	 no	 significant	
effect	 of	 the	 2013	 host	 biomass	 (χ21,47	=	2.58,	p	=	0.11),	 or	 the	R. 
minor	 population	 genetic	 diversity	 (χ21,47	=	0.27,	 p	=	0.61),	 and	 no	
interaction	between	 species	 diversity	 and	R. minor	 population	 ge-
netic	diversity	 (χ21,47	=	0.92,	p	=	0.34).	 In	 the	 low	species	diversity	
pots,	R. minor	 population	genetic	diversity	had	a	 significant	effect	







groups	 in	 2013	 (year	 1),	 legume	biomass	was	much	 greater	 than	
grass	or	forb	biomass.	For	grasses,	there	were	significant	effects	of	
species	diversity	(χ21,92	=	80.21,	p < 2.2 × 10
−16)	and	the	presence	









was	 in	 the	opposite	direction	 from	 the	grass;	 hence,	 biomass	was	
greater	in	the	pots	where	R. minor	was	present	(Figure	2b).
There	were	marginally	 nonsignificant	 effects	 of	 an	 interaction	
between	species	diversity,	R. minor	presence,	and	R. minor popula-
tion	genetic	diversity	on	relative	forb	biomass	(χ23,92	=	7.12,	p = 0.07; 
Figure	2c).	Full	details	of	the	analyses	are	included	in	Table	S1.
In	 2014	 (year	 2),	 in	 the	 low	 species	 diversity	 pots,	mean	 host	
biomass	 was	 greater	 when	 R. minor	 was	 present,	 but	 variation	 in	
the	data	was	 large	 (Figure	S2c)	Relative	biomass	of	 the	 functional	
groups	was	much	more	evenly	balanced	than	 in	the	previous	year.	
For	 grasses,	 there	 was	 a	 significant	 effect	 of	 R. minor	 presence	
on	 the	 relative	 biomass	 in	 the	 low‐diversity	 pots	 (χ21,35	=	11.82,	
p = 5.84 × 10−04),	where	biomass	was	greater	in	the	pots	without	R. 
minor	 (Figure	S3a).	There	was	a	significant	effect	of	R. minor	pres-







The	number	of	original	 species	 remaining	 in	 the	pots	 in	2015	was	
significantly	 higher	 in	 the	 high	 species	 diversity	 treatment	 com-
pared	 with	 the	 low	 species	 diversity	 treatment	 (F1,147	=	954.29,	
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that	population	genetic	diversity	 in	 the	parasite	enabled	establish-
ment	in	the	species‐rich	communities.	As	expected,	host	community	








Our	 results	 provide	 insight	 into	 the	 dynamics	 of	 R. minor in 
grassland	 communities	 and	 suggest	 a	 new	 mechanism	 by	 which	








tional	 group	 is	 constant	at	 the	 time	of	establishment,	 there	 is	 an	
additional	effect	of	species	diversity,	with	the	initial	establishment	






Our	 findings	 strongly	 support	 the	 idea	 that	 species	 diversity	 in-


















increasing	 diversity)	 are	 frequently	 cited	 as	 the	 causal	mechanism	
behind	positive	diversity	relationships	(Wardle,	2001).	By	randomly	




include	monoculture	 treatments	 and,	 due	 to	 differing	 germination	
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Previous	studies	have	suggested	that	functional	group	diversity	
rather	than	species	diversity	per	se	is	responsible	for	increased	plant	
community	 resistance	 to	 infection	by	R. minor	 (Joshi	 et	 al.,	 2000).	
We	attempted	to	control	 for	a	 functional	group	effect	by	planting	





lihood	 of	R. minor encountering	 a	 suitable	 host	 should,	 therefore,	
increase,	but	the	specific	influence	(i.e.,	abundance)	of	any	one	host	
in	 the	community,	decrease.	Our	 results	support	 the	 idea	 that	 the	




Over	 the	 2	years	 of	 our	 experiment,	we	 found	R. minor	 to	 have	
a	 negative	 effect	 on	 grass	 relative	 biomass,	 a	 generally	 positive	
effect	 on	 legume	 relative	 biomass	 and	 no	 effect	 on	 the	 relative	
biomass	 of	 nonleguminous	 forbs.	 There	 is	 a	 substantial	 amount	
of	 literature	 documenting	 the	 impact	 of	 Rhinanthus	 species	 on	
these	 three	 host	 functional	 groups,	 from	 both	multispecies	 and	
single‐host	experiments	(e.g.,	Ameloot,	Verheyen,	&	Hermy,	2005;	
Cameron	 et	 al.,	 2005;	 Davies,	 Graves,	 Elias,	 &	 Williams,	 1997;	
Fisher	 et	 al.,	 2013;	 Joshi	 et	 al.,	 2000;	 Mudrák	 &	 Leps,	 2010).	
Although	 there	 are	 species‐level	 effects	 and	 the	 relative	 impact	
of	 the	parasite	on	 its	hosts	varies	among	experiments,	our	 find-
ings	 are	 in	 general	 agreement	 with	 previous	 research.	 Overall,	
legumes	 appear	 to	 be	 the	 most	 variable	 hosts,	 with	 Rhinanthus 
species	sometimes	increasing	biomass	as	we	found,	at	other	times	
decreasing	biomass	or	having	no	effect	on	 legume	biomass	at	all	
(Ameloot	 et	 al.,	 2005;	Cameron	et	 al.,	 2005;	Fisher	 et	 al.,	 2013;	
Mudrák	&	Leps,	2010).
4.3 | Population genetic diversity effects
Although	 species	 diversity	 was	 the	 most	 consistent	 factor	 influ-




is	 a	 well‐established	 component	 of	 parasite	 success	 more	 gener-
ally,	enabling	the	evolution	of	virulence	and	transmission	in	order	to	
maximize	population	survival	and	fitness	(Futuyma,	2005).	Similarly,	

















tor	 explaining	 genetic	 differentiation	 in	 a	 parasitic	 plant,	 and	 that	













it	 might	 be	 expected	 that	 levels	 of	 parasite	 genetic	 diversity	 cor-
relate	with	the	diversity	of	potential	hosts	(Gandon,	2004).	As	more	






















and	 that	 there	 is	 a	 population	 genetic	 basis	 for	 differential	 re-
sponses	to	hosts	 (Rowntree	et	al.,	2011).	Therefore,	pooling	seed	
from	different	sources	should	have	ensured	that	the	mixed‐source	
seed	contained	a	broader	 range	of	 individual	genotypes	 than	 the	
single‐sourced	seed.	As	with	the	species	pools,	we	sought	to	reduce	













in	 the	 high‐diversity	 treatments,	 at	 the	 same	 proportion	 as	 the	
three	minor	sources.	We	cannot	rule	out	sampling	effects,	although	
the	 high	 genetic	 diversity	 treatments	which	 contained	 seeds	 not	
included	in	the	low	genetic	diversity	treatments	were	a	minority.
5  | CONCLUSIONS
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